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ABSTRACT
The nervous system operates through networks of neurons that utilize cytoplasmic
extensions known as axons and dendrites to transmit information. Developmental regulation of
axon growth and how gene expression changes over time is of great importance. Posttranscriptional mechanisms impact neuronal development, function, and injury responses. One
route for this is to dynamically change mRNA stability by altering the rates of mRNA decay,
thereby impacting the amount and timing for synthesis of the mRNA’s encoded proteins. RNA
binding proteins (RBPs) are one example of a post-transcriptional regulators that can affect
mRNA stability. The protein encoded by Gap-43 mRNA promotes axon growth and contributes
to presynaptic plasticity, and this mRNA’s stability is regulated by HuD and KHSRP proteins.
Here, I show KHSRP and HuD levels are developmentally regulated in CNS neurons. The ratio
of HuD to KHSRP in developing neurons is critical for controlling neuronal Gap-43 mRNA
level, which is in turn a critical factor for axon growth. In this study, I find that stoichiometry of
HuD:KHSRP also plays an important role in dendritic growth through regulating spine
development. Dendritic spines are sites of synapses needed for neurotransmission. Loss of
KHSRP increases spine density, while loss of HuD decreases spine density and transgenic
overexpression of HuD increases spine density. Altered spine density has been demonstrated in
several neurodevelopmental disorders including autism spectrum disorder and fragile X
syndrome. Thus, altered HuD:KHSRP stoichiometry changing synapse development could cause
neurological dysfunction and contribute to disease pathogenesis. During normal brain
development, HuD expression is high in early developing neurons and then falls, while KHSRP
is low and then rises as neurons mature. These results suggest that this change in protein
expression could shift stability of target mRNAs. Considering the contributions of HuD and
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KHSRP to axon and dendritic growth, we hypothesize that an outcome of this developmental
shift from HuD to KHSRP predominance is that it signals the neuron to stop extending its growth
and form synapses. To test this hypothesis, I established a co-culture method for generating
hemisynapse formations where a presynaptic apparatus is synapsed to form on axons contacted
in HEK293 cells expressing Neuroligin 1 (NLGN1) a post-synaptic cell adhesion molecule in
HEK293 cells. I found that the presence of HEK293 cells expressing NLGN1 stimulated clusters
of synaptophysin positive puncta, indicative of presynaptic specializations, along axons and this
was not seen in neurons co-cultured with control HEK293 cells. By adapting this mixed culture
for use in microfluidic devices, this enables me to physically separate the neuron’s
somatodendritic compartment and its axons. We anticipate that this approach can be coupled
with quantitative PCR and RNA-seq as well as protein translation analyses to determine how
HuD:KHSRP ratio will affect axonal RNA levels and translation during synaptogenesis.
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INTRODUCTION
Development of the nervous system follows a sequential pattern of gene expression in a
precise spatiotemporal manner. There are a number of mechanisms that control these elaborate
gene networks. Post-transcriptional regulation of gene expression is of particular importance in
the nervous system as it provides a way to fine tune protein production, both globally across the
neuron and within subcellular domains that are needed for neuronal development and function
(Glisovic et al., 2008, Bolognani et al., 2010). Neuronal mRNAs are regulated by changes in rate
of their decay, so mechanisms that modulate mRNA stability are of high interest but are poorly
understood. mRNA stability can be regulated by the interaction of sequence specific RNA
binding proteins (RBPs) with cis-acting elements in the mRNAs, typically located in the 3’
untranslated regions (UTR) (Wilusz et al., 2001, Garneau et al., 2007). AU-rich elements (ARE)
are one of the best studied 3’UTR cis-elements. ARE-containing mRNAs play important roles in
neuronal development, and specifically in axon and dendrite growth (Shaw at al., 1986, Chen et
al., 1995). An example of such an ARE-containing mRNAs is the 43 kDa growth-associated
protein mRNA (Gap-43), whose protein product plays important role in axon growth, axon
regeneration, and synaptic plasticity (Strittmatter et al., 1995).
ARE-containing mRNAs can be bound by several different RBPs, resulting in their
stabilization or destabilization. HuD (also known as ELAVL4) and K-homology Splicing
Regulatory Protein (KHSRP) are ARE-binding RBPs of particular importance in neurons. HuD
contributes to nervous system development, synaptic plasticity, and regeneration (Bolognani et
al., 2010). KHSRP is a multifunctional RNA-binding protein that has been implicated in
transcriptional regulation and alternative splicing in the brain (Davis-Smyth et al., 1996), but also
contributes to neurite growth in embryonic neurons (Bird et al., 2013). HuD and KHSRP exert
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opposite effects on mRNA stability, with HuD stabilizing and KHSRP destabilizing bound
mRNAs. These proteins appear to compete for binding to some mRNAs (e.g., Gap-43 mRNA)
(Beckel-Mitchener et al., 2002, Anderson et al., 2000, Bird et al., 2013). Work from our lab has
implicated these HuD and KHSRP interactions with target mRNAs for regulating rates of axon
and dendrite growth in vivo. Indeed, we see altered dendritic spine density in cortical pyramidal
neurons of HuD and in KHSRP knockout mice, suggesting that both these RBPs play important
roles in neuronal development. Interestingly, neurons do not maintain a constant level of HuD
and KHSRP. We see that HuD is highly expressed in early development, while KHSRP
expression is low early in development and rises later as HuD levels fall. We hypothesized that
this shift in HuD:KHSRP in development could impact synaptic development, with the switch in
HuD:KHSRP levels serving as a “stop growth signal.”
In this study, we aim to ask if this switch from HuD to KHSRP predominance, signals
the neuron to stop growing its axon and form a synapse. To study the changes in levels of
HuD/KHSRP target mRNAs in growing vs. synapsing axon, we took advantage of
“hemisynapse” models. Hemisynapses are artificially formed between a neuronal cell and a nonneuronal cell expressing a molecule that can induce presynaptic assembly in axons (Chubykin et
al., 2005, Hanson Lee et al., 2010). Neuroligin 1 is a postsynaptic cell adhesion molecule that has
been shown to form functional excitatory synapses in HEK293 cells. So, we planned to express
rat NLGN1 in HEK293 cells and co-culture these with neurons (Fu et al., 2003). These human
cells allowed us to distinguish neuronal rat proteins and mRNAs in the axons in these cultures.
To establish mixed cultures for synaptogenesis, we took advantage of microfluidic culture device
that enables separation of neuronal cell bodies and axons in two different fluidic environments
(Taylor et al., 2005). Together our results indicate that HuD:KHSRP stoichiometry is important
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for neural development. We anticipate that future study of synapsing vs. growing axons can shed
some light on mRNA levels targeted by these two RBPs. Microfluidics device based mixed
culture system will be very useful in finding the levels of key mRNAs affected by this switch.
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MATERIALS AND METHODS
Cell culture - HEK293 cells were maintained in DMEM (Life Technologies) supplemented with
10% FBS (Gibco) and 100 U/ml of Penicillin-Streptomycin (Life Technologies). Cells were
maintained between 10 and 90% confluency in at 37°C, 5% CO2.
Transfection of Neuroligin into HEK293 Cells - Neuroligin 1 was transiently transfected into
HEK293 cells when they reached 50-80% confluency and the cells were fixed 48 hours after
transfection. According to the ThermoFisher Lipofectamine 2000 protocol, lipofectamine and
DNA were diluted into OptiMEM and combined. HEK293 cells were maintained as above.
Primary Neuron Cell Cultures - For cortical neuron cultures, E18 cortices were dissected in
Hiberate E (BrainBits) and dissociated using the Neural Tissue Dissociation kit (Miltenyi
Biotech) as per manufacturer’s protocol (Miltenyi Biotech). The cortices were minced and
incubated in a warm enzyme mix at 37 °C for 15 min before being applied to a 40 µm cell
strainer to wash and centrifuge at 300 g for 10 minutes. Neurons were resuspended in growth
medium and seeded at a density of 1 × 105 cells in poly-D-lysine-coated microfluidic devices
(see below). Culture medium consisted of NbActive-1 medium (BrainBits) supplemented with
100 U/ml of Penicillin-Streptomycin (Life Technologies), 2 mM L-glutamine (Life
Technologies), and 1 X N21 supplement (R&D Systems).
Microfluidics device - Xona Microfluidic devices were used and prepared following device
protocol (Xona Microfluidics). Briefly the device was coated with 0.5 mg/ml of Poly-D-lysine.
Washing of plates were done as manufacturer’s protocol as cortical neurons were prepared for
culture as above, 20 µl of primary neurons at a concentration between 2.5 to 4.5 million cells per
ml was seeded in the ‘cell body chamber’ of the device, which gives about 50,000 to 90,000
cells. At day in vitro (DIV) 4, HEK293 cells transfected with NLGN1 was added to the ‘axonal

8

chamber’ of the device. Culture medium was the same in both compartments and consisted of
NbActiv1 (BrainBits). At DIV 8, the cultures were fixed with 4% PFA for 15 minutes at room
temperature and processed for immunofluorescence (see below).
Co-culture of HEK293 Cells and Cortical Neurons - HEK293 and cortical neurons were
maintained at 37 ºC and 10% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 units/ml). Transfected
HEK293 cells were added to the neurons at 10-14 days in vitro and after 2-5 days of co-culture,
cells were fixed with 4% PFA. Primary antibodies consisted of NLGN1 (1:500, Invitrogen) and
HA (1:500, Cell Signaling).
Immunofluorescence staining - Cultured neurons were fixed at room temperature with 4%
paraformaldehyde (PFA) in 1 X phosphate-buffered saline (PBS) as described (Merianda et al.,
2013). For cortical neuron staining, primary antibodies consisted of: mouse anti-HuD (1:500,
abcam) rabbit anti-KHSRP (1:500, Novus), goat anti-neurofilament (1:500, Santa Cruz), and
chicken anti-MAP2 (1:500, Abcam). FITC-conjugated donkey anti Mouse, Cy3-conjugated
donkey anti-Rabbit, Alexa405-conjugated donkey anti-goat, Cy5-conjugated anti-Chicken
antibodies were used as secondary antibodies for cortical neuron staining (all used at 1:400;
Jackson Immunores). For HEK293 cell cultures and co-culture with cortical neurons staining, the
primary antibody used was rabbit anti-NLGN1 (1:100, Novus), Alexa647-conjugated mouse
anti-HA (1:100, thermofisher, rabbit anti-synaptophysin (1:100, Abcam). Secondary antibodies
were FITC-conjugated donkey anti-Rabbit and Cy3-conjugated donkey anti-mouse (all used at
1:400; Jackson Immunores). The sample microfluidic device from Dr. Amar Kar in Figure 5
consisted of E18 midbrain neurons cultured 8 DIV, fixed with 4% PFA and stained for tyrosine
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hydroxylase (TH) Rabbit anti-TH shown in green, and Ubiquitin carrier protein 9 (UBC9) Mouse
anti-UBC9 shown in red.
All samples were mounted with Prolong Gold Antifade (Invitrogen) and analyzed by
epifluorescent or confocal microscopy as indicated. Leica DMI6000 epifluorescent microscope
with ORCA Flash ER CCD camera (Hamamatsu) or Leica SP8X confocal microscope with
white laser and HyD detectors was used for imaging. Imaging parameters were matched for
exposure, gain, offset and post-processing to compare within individual experiments.
Western Blotting - Protein lysates were denatured by boiling in 1 x lamelli sample buffer,
fractioned by SDS-PAGE, and then transferred to a nitrocellulose membrane using standard
methods. The blot was blocked in of 5% non-fat dry milk in Tris buffered saline with 0.1%
Tween 20 (TBST) for 1 hour at room temperature with light shaking. The membrane was then
washed 3 times with 1X TBST for 10 minutes. The membrane was incubated in the anti-HA
(1:10,000; Abcam) or GAPDH (1:1000, Cell Signaling Technologies) antibodies overnight at
4°C with gentle shaking. The membrane was washed 3 times for 10 minutes with TBST and the
secondary antibody, horse-radish peroxidase-conjugated anti-rabbit IgG (1:5000; Jackson Lab)
diluted in blocking buffer, for 1 hour at room temperature. After washing in TBST,
immunocomplexes were visualized by enhanced chemiluminescence (ECL kit; GE Healthcare).
Dendritic Spine Analysis - 50 µm brain sections from Thy1-GFP mice that had been crossed
with KHSRP-/-, HuD -/-, and HuD CamK2a-transgenic mice were mounted on slides. Leica
SP8X confocal microscope with HyD detectors was used for imaging. Secondary branches of the
apical dendrites of GFP filled layer V neurons in prefrontal cortex were imaged as Z-stacks
containing the dendrite’s entire depth (5-25 µm). Dendrites and spines were traced and
morphometrically quantitated using Neurolucida (Neurolucida, Inc.). Spine density was
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quantified comparing dendritic branches of the same order. Spines were identified and
characterized for shape excluding filopodia (Hering et al., 2001). Spine density was expressed as
the number of spines per 10 µm of dendrite length. Statistical differences were tested by twoway ANOVA with Bonferroni post hoc test.
Image and statistical analysis - Fluorescent intensities from exposure-matched IF images were
quantified with ImageJ (Figure 3). Quantification of presynaptic vesicle size and number in
Figure 7 was done with Image J by thresholding and making binary image, which was analyzed
further with particle analyzer (Image J). Thresholding was kept constant between images.
GraphPad Prism 5 software package (GraphPad) was used for all statistical analyses. For spine
analysis differences among groups were analyzed using two-way ANOVA and post hoc
Bonferroni test.
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Results
HuD and KHSRP affect neurite growth in opposing mechanisms
Previous work has demonstrated that both HuD and KHSRP, two ARE interacting
proteins, compete for bind to the same population of mRNAs (Gardiner et al, 2015). Gap-43 is
one such mRNA that HuD and KHSRP compete for binding, although the proteins have
opposing effects on the mRNA (Figure 1A). The opposing effects of these two proteins have
important roles in controlling Gap-43 mRNA stability and degradation. HuD has been
implicated in the axonal localization and stabilization of Gap-43 and other mRNAs such as
Neuritin (Nrn1), while KHSRP has a destabilizes these two mRNAs (Gardiner et al., 2015).
Previous work in our lab, as well as other labs have demonstrated with knockout models
that HuD and KHSRP also have opposing effects on axon and neurite growth (Bird et al., 2013,
Thi Hao le, 2017). In knockout models of KHSRP axon length increases, while the loss of HuD
causes a decrease in neurite length (Figure 1B). Using DIV7 cortical neurons and
immunofluorescent microscopy, Dr. Priyanka Patel was able to show that the total loss of
KHSRP results in significant increases in axon growth (Figure 1C). However, there was not
changes in the axon branching (Figure 1D). These results further demonstrate how KHSRP is a
destabilizing factor of mRNA, and the loss of KHSRP allows for continued axon growth.
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Figure 1: KHSRP and HuD affect neurite growth
A

C

B

D

Figure 1: KHSRP and HuD affects neuritic outgrowth
(A) Schematic of RNA binding proteins HuD and KHSRP post transcriptionally modifying their
target mRNA, Gap-43. Binding of HuD to Gap-43 mRNA stabilizes it leading to its translation,
while binding of KHSRP to Gap-43 mRNA destabilizes it leading to its degradation. (B)
Schematic demonstrating loss of KHSRP increases axon length and branching, while loss of
HuD decreases neurite length (Bird et al., 2013, Thi Hao le, 2017). (C) Representative images of
DIV7 cortical neurons from KHSRP+/+, KHSRP+/- and KHSRP-/- mice stained with dendritic
marker MAP2 and axonal marker SMI312. (D) Quantitative analysis of axonal length and
branching showed significant increases in length in KHSRP-/- cortical neurons compared to
KHSRP+/- and KHSRP+/+ cortical neurons. There was no difference in branch pints. All error
bars represent the SEM. *** p<0.0001
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Knockout and overexpression of HuD and KHSRP alter neuron spine density and
morphology
The local translation of mRNAs that are stored within dendrites has been found to have
important roles in synapse plasticity that facilitate learning and memory (Vessey et al., 2008).
Dendritic spines receive neurotransmissions and alterations of spine density and/or morphology
are associated with neurodevelopmental and acquired neurological diseases (He et al., 2013,
Glantz et al., 2000, Oaks et al., 2016). RBPs can control spine density in neurons through their
contributions to neuronal growth and synaptic plasticity (He et al., 2013). Here, we examined the
roles of KHSRP and HuD in altering spine density and morphology by using Thy1-GFP mice
crossed with KHSRP knockout, HuD knockout, and HuD transgenic mice. We found that the
loss of KHSRP alleles significantly increases spine density on layer V cortical pyramidal
neurons in both complete knockout mice and heterozygous KHSRP mice (KHSRP-/- and
KHSRP+/- mice, respectively; Figure 2A and 2B). There was also an increase in both stubby and
mushroom type of spines in KHSRP-/- mice. On the other hand, the loss of HuD decreases spine
density and transgenic overexpression of HuD increases spine density (Figure 2C and 2D). These
results demonstrate that by selectively altering the levels of HuD and KHSRP, this disrupts spine
density and morphology in excitatory cortical neurons.
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Figure 2: Altered spine density and morphology in KHSRP KO, HuD KO and HuD
overexpressor mice
(A) Representative images of WT, heterozygous and knockout KHSRP mice showing the
increase in spine density due to the knockdown of KHSRP. (B) Quantification showing that
KHSRP KO increases spine density and morphology changes. (C) Representative images of
HuD knockout, and overexpression of HuD mice, demonstrating that the loss of HuD results in
spine density reduction and overexpression increases spine density. (D) Quantification of data
demonstrating overexpression of HuD increases spine density and changes in spine morphology
occur. All error bars represent the SEM. *p<0.05, **p<0.01, ***p<0.0001
15

HuD and KHSRP have opposing effects on developing neurons
KHSRP has four hnRNP K homology (KH) RNA binding domains. KH # 4 (KH4) binds
to AREs, while KHs 1-3 bind to other RNA motifs (Linker et al., 2005). KHSRP’s function has
been most extensively studied in the immune system and recently in astrocytes, where KHSRP
promotes the decay of several mRNAs (Li et al., 2012). Although KHSRP is expressed at high
levels in neurons (Bird et al., 2013) its function in neurons remain poorly understood. Recent
work directly indicated a role for KHSRP in the control of neuronal GAP-43 mRNA levels and
rate of axonal outgrowth (Bird et al., 2013, Lu et al., 2004).
To determine if HuD and KHSRP levels are a developmentally regulated, we analyzed
their levels in DIV 3, 5 and 7 hippocampal neuron cultures taken from E18 rat pups. These time
points were chosen to span from initial neurite extension to polarization with axon-dendrite
specification (Dotti et al., 1988). Cultures were lysed and assayed with highly specific anti-HuD
and anti-KHSRP antibodies using immunoblotting or were fixed and analyzed by
immunofluorescence.
Interestingly measurement of mean fluorescent intensity of KHSRP and HuD in
hippocampal neuron cell body and neurite showed distinct expression patterns over the course of
development. HuD levels fell and KHSRP levels rose over DIV3 to 7 (Figure, 3A and 3B).
Western blot analysis of protein extracts from DIV3-7 neurons also showed a similar trend for
KHSRP expression increasing and HuD expression falling over increasing time in culture, which
correlates with progressive maturation of these neurons (Figure 3C and 3D). Differences in the
levels of HuD and KHSRP raises the possibility that the changing KHSRP:HuD stoichiometry
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during development might modify stability of shared target mRNAs like GAP-43 and Neuritin,
whose protein products contribute to neural development.

Figure 3: KHSRP and HuD show reciprocal expression in Hippocampal Neurons
(A) Representative images of Hippocampal neurons showing HuD and KHSRP
expression during DIV3, 5 and 7. (B) Quantification of immunostaining shows that HuD (Green)
is abundant early in development, is mostly cytoplasmic, and also extends neurite. As HuD
signals falls over with increasing DIV, KHSRP signals goes up, predominantly in nucleus first
but it increases in cytoplasm and neurite at later time points (Scale bar, 10 um) (C)
Determination of HuD and KHSRP signals at different time points of the Hippocampal culture
by western immunoblotting. (D) Quantification of Western blot images revealed that KHSRP
signals were found to be low at initial time point and gradually increase over time. HuD signals
were high initially but decrease over time.
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An in vitro model to assess RNA dynamics during synaptogenesis
Neurons communicate through complex adhesive junctions called synapses.
Synaptogenesis is a complex series of events involving neuronal differentiation and cell to cell
contact and the involvement of cell adhesion molecules (Craig et al., 2006). We hypothesized
that the shift from HuD to KHSRP during brain development triggers a shift in their target
mRNA’s stability which in turn signals the neuron to stop extending its axon and form synapses.
To test this possibility, we adapted a “ hemisynapse” induction model for compartmentalized
neuronal cultures where we could directly assess impact of HuD:KHSRP stoichiometry on
isolated axons. Hemisynapses are formed between neuronal processes and a non-neuronal cell
expressing presynaptic or postsynaptic cell surface proteins (Chubykin et al., 2005, Hanson Lee
et al , 2010). Neuroligin (NLGN1) is a postsynaptic cell adhesion molecule that when expressed
in non-neuronal HEK293 cells has been shown to induce presynaptic differentiation (Chubykin
et al., 2005). NLGN1 expressing HEK293 cells were previously shown to induce presynaptic
differentiation when co-cultured with pontine explants (Scheiffele et al., 2000). Rodents are
known to have at least three and humans have five NLGN genes. Human NLGN1 mutations
have been implicated in intellectual disability disorders and familial forms of autism spectrum
disorders, including Asperger syndrome (Chubykin et al., 2005). There are four potential
NLGN1 variants and NLGN1-AB, which has previously been validated for successful
hemisynapse formation in HEK293 cells (Chih et al., 2006), was chosen for these experiments
(Figure 4A).
We confirmed the expression of HA-tagged NLGN1 (NLGN1-HA) in transfected HEK293 cells by immunoblotting and immunofluorescence (Figure 4B-C). For immunoblotting,
HEK-293 cells were lysed 48 hours after transfection. Western blot analysis of lysed cells with
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anti-HA antibody revealed a prominent band at approximately 120 kDa band, which was absent
in control cells. GAPDH was used as a loading control (Figure 4B). We also performed
immunofluorescence using NLGN1 and HA antibodies. As shown in Figure 4C, panel 1, the
NLGN1-HA transfected HEK293 showed clear immunostaining for HA and NLGN1 with
signals concentrated along the cell membranes and this was not seen in the control, untransfected
HEK293 cells (Figure 4C).
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Figure 4: Expression of Neuroligin-HA (NLGN1) in HEK Cells
(A) Annotated map of Neuroligin-AB vector showing HA tag. (B) Western blot analysis of lysed
cells with anti-HA antibody revealed presence of approximately 120 kDa band, which was
absent in control cells. GAPDH was used as a loading control. (C) The control HEK 293 cells
showed no immunostaining with anti-HA and anti-NLGN1. On the other hand, transfected
NLGN1-HA, HEK293 cells showed immunofluorescence following staining with anti-NLGN1
and anti-HA antibody.
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To ask whether axonal levels of HuD/KHSRP mRNA targets are altered by synaptogenesis,
we used microfluidics device platform to establish hemisynapses between axons of rat cortical
neurons and NLGN1 expressing HEK293 cells. The microfluidics device used here has two
important features: a three-dimensional environment and a compartment that enables physical
and fluidic separation of the neuron’s somatodendritic regions and its axon (Taylor et al., 2005).
The two compartments in microfluidics are connected by arrays of 15-30 µm wide, 2.5 µm high
microchannels. The 800 µm length of microchannels restricts the dendrites from reaching the
axonal/HEK cell compartment so that only axons should contact the HEK cells (Figure 5A).
Hippocampal/cortical neurons were isolated from E18 rats and plated in cell body compartments
of these devices. At 5 DIV, HEK293 cells expressing NLGN1 were seeded in the axonal
compartment.
We envision that the growing vs. synapsing axons in control (control HEK) and test
(NLGN1-expressing HEK) axonal compartments, respectively, will allow us to directly test the
possibility that axonal levels of HuD and KHSRP target mRNAs contribute to synapse
formation. Figure 5B represents a sample image of the microfluidic device approach from Dr.
Amar Kar showing axons growing from the cell body compartment into the axonal compartment,
where we plan to establish synapses with HEK293 cells in the coming experiments.
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Figure 5: Microfluidics device approach for formation of hemisynapse
(A) Schematic of microfluidic culture system containing Neuroligin1 transfected HEK293 cells
and Hippocampal neuronal cultures. (B) Example of embryonic midbrain neurons cultured in
microfluidics chamber from Dr. Amar Kar Nath in the Twiss Lab. Tilescan of cell body (left)
and axon (right) compartments for dissociated midbrain neurons (E18) in microfluidic device at
8 DIV. TH signals are shown in green and Ubc9 in red. AB Insets show high magnification DIC
images of cell body and axonal compartments. C inset shows high magnification axonal profiles
with Ubc9 and TH signal. The immunostaining protocol used for these chambers accentuates the
granular signals for TH protein.
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Previous synapse formation assays used transfected HEK293 cells co-cultured with
dissociated neurons (Biederer et al., 2002, Scheiffele et al., 2000). However, such a system
cannot differentiate between growing vs. synapsing axons. To overcome this problem, we took
advantage of microfluidics system where we can separate the CB/dendrite from axonal
compartments. Cortical neurons were isolated from E18 rats were plated in cell body
compartments of these devices, and HEK293 cells expressing NLGN1 or control protein were
seeded in the axonal compartment at day 5 (Figure 6A). At 5 DIV, HEK293 cells expressing
NLGN1 was seeded in the axonal compartment (Figure 6A). The negative control HEK cells, not
transfected with any plasmid, did not express any post-synaptic adhesion molecule. We
examined the synapse formation by indirect immunofluorescence. We stained both the
compartments with presynaptic marker, synaptophysin, and the HA antibody to visualize
HEK293 cells expressing Neuroligin 1. In the transfected HEK cells, Neuroligin 1 was uniformly
expressed over the entire HEK293 cell surface as visualized by indirect immunofluorescence
labeling (Figure 6B, lower panel). The presence of Neuroligin 1 stimulated clusters of
presynaptic specializations by the synapsing axon as visualized by synaptophysin positive puncta
(Figure 6B, lower panel). These clusters adjacent to the HEK293 cells were completely absent
in the control conditions (Figure 6B, upper panel).
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Figure 6: Hemisynapse formation between Neuroligin1 transfected HEK cells and neuron in
microfluidics device
(A) Microscopy images from axon chamber of microfluidic device reveal control HEK293 cells
that are un-transfected do not form synapses, while transfected HEK293 cells form synapses with
axons from cortical neurons travelling through the microfluidic channels and docking on the
HEK293 cell bodies. (B) In the transfected HEK cells, Neuroligin 1 was uniformly expressed
over the entire HEK cell surface as visualized by indirect immunofluorescence labeling. The
presence of Neuroligin 1 in HEK 293 cells stimulated clusters of presynaptic specializations by
the synapsing axon as visualized by synaptophysin positive puncta. Inset show high
magnification of Neuroligin1 positive HEK cell arrows showing presynaptic clusters from
neighboring neurons.
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Expression of Neuroligin1 in HEK293 cells stimulates clustering of presynaptic markers by
co- cultured neurons.
Synapse formation is a result of synaptogenic signals triggering coordinated development
of pre and postsynaptic structures. We were able to induce artificial synapse between a neuronal
cell and with Neuroligin-1-expressing HEK293 cells as a proxy for postsynaptic dendrites, in a
microfluidics device (Figure 6). After DIV8, we fixed the culture and immunostained them with
synaptophysin antibody to label synaptic transport vesicles (STVs), which deliver SV proteins to
developing presynaptic terminals (Lucido et al., 2009). In our microfluidics device, we observed
clusters of synaptophysin-positive vesicles around NLGN1 positive cells. However, the vesicles
were of different sizes and were also different in numbers. To quantify the number and size of
these presynaptic clusters, we adapted low density co-culture of HEK293-NLGN1 cells with
neuronal cells. The cells were co-cultured up to DIV8 and vesicle clusters were examined by
immunofluorescence. In the transfected HEK cells, Neuroligin 1 was uniformly expressed over
the entire cell surface as visualized by immunofluorescence labeling. The presence of Neuroligin
1 stimulated series of presynaptic specializations by the co-cultured neurons that were not seen in
control HEK cells co culture condition (Figure 7A, upper panel). The induced presynaptic
vesicles formed separate individual units that were densely spaced and covered entire cells or
clustered in a particular region (Figure 7B, lower panel). To quantify further the heterologous
presynaptic clusters induced by Neuroligin 1, we quantified the number and size of these
presynaptic specialization by Image J on images taken by confocal microscopy at a higher
resolution. Quantification revealed that area of these vesicles ranges from 0.1-3µm2 in NLGN1
transfected HEK cells. 51% of granules fell between 0.25-1µm2 ranges with 6% of them were as
big as between 2-3µm2 (Figure 7B). However, the control HEK cells had only clusters of
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vesicles ranging from 0.1-0.25µm2 range and there were no large vesicle present surrounding the
control HEK293 cells (Figure 7B). The number and size of the clusters suggest that the overexpressed Neuroligin 1 is a powerful inducing agent for synaptogenesis and can be successfully
used in hemisynapse formation in a microfluidics device.
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Figure 7: Expression of Neuroligin 1 in HEK293 cells stimulates clusters of presynaptic
markers by co cultured neurons
(A) Representative images of Neuroligin 1 transfected HEK293 cells co cultured with cortical
neurons showing presynaptic marker, synaptophysin in cortical neurites and NLGN1-HA
expression in HEK 293 cells along with MAP2 and DAPI. Arrows in the MAP2 channel
distinguish HEK293 cells from the labeled neurons. Inset in the lower panel shows magnified
image with arrows indicating the merged presynaptic vesicles clusters with post synaptic
Neuroligin 1. (B) Quantification of the area of presynaptic vesicles revealed that area of these
vesicles ranges from 0.1-3µm2 in NLGN1 transfected HEK cells. 51% of granules fell between
0.25-1µm2 ranges. 6% of them were as big as between 2-3µm2 (Figure 7B). However, the control
HEK cells had only clusters of vesicles ranging from an area of 0.1-0.25µm2 range and there
were no large vesicles present surrounding the control HEK293 cells.
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Discussion
The functional complexity of the brain brings many unanswered questions for how it
develops, grows and maintains its complex function. Neurons are a major functional unit of the
nervous system, as they communicate between one another and with target tissues through
synapses. Neurons have complex and highly polarized morphologies that necessitates fine
control of gene expression. Gene expression is regulated through transcriptional and posttranscriptional mechanisms. Post-transcriptional regulation is a critical factor for fine-tuning the
proteome and neurons utilize several aspects for regulation of RNA. RNA-binding proteins
(RBPs) regulate RNA metabolism at multiple levels including mRNA stability, alternative
splicing and mRNA localization. RBPs are widely expressed in nervous system and are required
for axon and dendritic growth, synaptogenesis, and synaptic plasticity. RBPs that regulate post
transcriptional mRNA stability are of particular relevance for these processes, as stability of an
mRNA determines its levels available for translation. RBPs that alter mRNA stability are transacting factors that recognize cis-elements typically located in the mRNA’s 3’ untranslated
regions (UTR). Together, these provide sequence specific interactions that determine an
mRNA’s half-life under different physiological conditions. For example, Gap-43 mRNA
contains an ARE in its 3’UTR that is bound by HuD and KHSRP. Gap-43 protein contributes to
axon growth (Anderson et al., 2002) and HuD can stabilize Gap-43 mRNA while KHSRP
destabilizes Gap-43 mRNA. I have shown that KHSRP and HuD are developmentally regulated
in CNS neurons, and we suspect that stoichiometry of these proteins helps to determine neuronal
growth states.
HuD and KHSRP contribute to nervous system in opposing manners. HuD has positive
effects on the nervous system’s development and regeneration while KHSRP seems to decrease
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neuron growth (Bolognani et al, 2010 and Davis-Smyth et al., 1996, Bird et al, 2013). KHSRP
has 4 KH RNA binding domains and it has been shown to contribute to RNA splicing, microRNA processing and RNA stability (Gardiner et al., 2015). Here, I have focused on the
functions of KHSRP in axon and dendrite growth, functions that we conclude are determined by
KHSRP’s role in RNA stability. Indeed, I see that loss of KHSRP results in increased axon
growth rates and dendrite spine growth (Figure 1 and 2). Loss of HuD does exactly the opposite,
by decreasing axon and dendritic spine growth. Previous work has shown that loss of HuD alters
synaptic activity in cortical neurons and results in behavioral abnormalities in mice (DeBoer et
al., 2014). In other studies in our lab, we see that loss of KHSRP increases spontaneous synaptic
activity and alters mouse behaviors (data not shown). HuD’s best characterized function is in
stabilizing bound mRNAs, although there is also evidence for HuD’s role in subcellular mRNA
localization (Gomes et al., 2014). Thus, we attribute the morphological findings upon loss of
KHSRP to target mRNA stabilization. This likely extends to many target (ARE-containing)
mRNAs, however we cannot completely rule out effects on RNA splicing and miRNA
biogenesis as contributing factors.
In this study we have shown that HuD is highly expressed in early development, and
KHSRP levels rise as HuD levels fall during development (Figure 3). These changes could be
due to altered transcription or altered protein stability (or both). Uncovering the precise timing
for this switch HuD:KHSRP stoichiometry in developing neurons will allow us to better
understand how mRNA-protein interactions impact normal and pathological brain development.
Notably, we see differing alterations in both cell body and neurites in these studies so the
subcellular stoichiometry of HuD:KHSRP also must be considered. mRNAs localize into both
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axons and dendrites, and there is evidence that translation in both subcellular compartments
contributes to growth, maturation, and function of the neuron.
Development of neural networks requires precise synapse development and formation.
Therefore, alterations in dendrite or axonal morphology or defects in neuronal development
including changes in spine morphology and numbers, may contribute to disease. With the shift in
HuD:KHSRP expression as neurons develop, we hypothesized that this could affect
synaptogenesis. Specifically, we reasoned that shifting to KHSRP predominance could provide a
signal to stop axon growth and allow synapse development. Synapses are vital for central
neurons to develop and maintain for excitatory and inhibitory processes and the exchange of
neurotransmitters (Craig et al., 2006). Thus, I developed an experimental system to model
presynaptic development where we would be able to physically isolate axons for quantitative
analyses of KHSRP and HuD target mRNAs. I used HEK293 cells expressing Neuroligin 1, a
post-synaptic cell adhesion molecule was chosen for its property to induce artificial synapses, as
a substrate to induce presynapse formation in primary neuronal cultures (Figure 4). Coupling the
transfected human cells with neurons cultured in microfluidic devices enabled us to separate
axons from cell bodies and dendrites. Using rodent neurons will enable us to differentiate axonal
from HEK mRNAs (Figure 6A and B). The control HEK293 that were not transfected showed
axons passing alongside the cells, while the NLGN1 transfected HEK293 cells formed
aggregations of pre-synaptic vesicle proteins. Neuroligin 1 was uniformly expressed over the
entire HEK cell surface as visualized by indirect immunofluorescence labeling (Figure 6A, lower
panel). The presence of Neuroligin 1 stimulated clusters of presynaptic specializations by the
synapsing axon as visualized by synaptophysin positive puncta, which was absent in the control
(Figure 7A). The confirmation of synapses allowed us to further question how the change of
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HuD and KHSRP expression would affect their target mRNA levels at synaptogenesis.
Successful synapse formation in a microfluidics will allow us to isolate the RNA from the axonal
compartment of the microfluidic device and see the levels of GAP-43 and Nrn1 in developing vs
synapsing axons. Moving forward, this study can extend to other mRNAs from profiling studies
of HuD and KHSRP bound mRNAs. Futures studies can also explore strategies to analyze axon
growth when changing HuD:KSPR stoichiometry. Additionally, hemisynapse in microfluidics
can be used in various studies to understand different role of RBP and its associated mRNA’s
during synaptogenesis.
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